Raindrop images obtained on research flights of the NCAR Electra aircraft in the Tropical Oceans Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA COARE) are analyzed. The drop size distributions, based on the images obtained in 6-s samples (about 750 m of flight track), are used to calculate both radar reflectivity Z and rain rate R. Airborne radar data from the NOAA P-3 aircraft flying in coordination with the Electra are used to categorize the particle-image data according to whether the drop images were obtained in regions of convective or stratiform precipitation.
Introduction
Accurate measurement of rainfall in the Tropics is of fundamental importance to studies of the earth's climate. However, the ability to obtain such measurements over broad areas remains illusory. Rain gauges, distrometers, 1 and particle-image probes 2 measure rain directly, 1 A distrometer is deployed at the earth's surface and measures the number of raindrops in a series of size ranges falling on a horizontal surface in a finite period of time. A commonly used distrometer is that designed by Joss and Waldvogel (1967) .
2 A particle-image probe is usually mounted on aircraft, where it detects the two-dimensional images of particles in an illuminated vertical plane. but only at the location of the instrument, and thus they are impractical for obtaining the distribution of rain over large areas. Characteristics of precipitating clouds, such as microwave irradiance, cloud-top infrared irradiance, and radar reflectivity, can be measured remotely over large regions by sensors on satellites, aircraft, ships, and on the ground. The information from these indirect measurements of precipitation must be converted to the rain rate by using an appropriate algorithm. Although the basic physics behind these algorithms may be understood, algorithm parameters typically must be calibrated to the particular rain regime under study in order to produce accurate results. Often the approach to calibration is one of bootstrapping-using a small-scale direct measurement to calibrate a larger-scale indirect measurement, which in turn is used to calibrate a still largerscale measurement successively until the scale needed is reached. Thus, it is vital that the initial relation upon which this sequence of calibrations is based be as accurate as possible. The calibration sequence is often built upon a relation between radar reflectivity and rain rate. From 1 November 1992 to 28 February 1993, during the intensive observation period (IOP) of the Tropical Oceans Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA COARE), numerous instruments were deployed over the large-scale pool of warm water covering the tropical western Pacific Ocean. These instruments documented the clouds and precipitation over the warm pool and their interaction with the atmospheric boundary layer and the upper ocean (Webster and Lukas 1992) . Among these observations were airborne and shipborne radar measurements of precipitation. The shipborne radar measurements aim to provide quantitative estimates of the precipitation in the domain of intensive observations [the TOGA COARE intensive flux array (IFA) ]. An important objective, therefore, is to determine the relationship between the measured radar reflectivity Z and the rain rate R.
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Both radar reflectivity and rain rate can be computed from measurements of raindrop size spectra. In TOGA COARE, a distrometer located on the atoll of Kapingamarangi, on the northern extremity of the IFA (Fig.  1) , made measurements of the size distribution of raindrops. Tokay and Short (1996) have studied these atollbased data. Measurements of the raindrop size distribution were also made by particle-image probes onboard the National Center for Atmospheric Research (NCAR) Electra aircraft. These aircraft measurements were made over a wide region of the warm pool in precipitation similar to that observed by the ship radars (Fig. 1) . In this study, we use the airborne drop size data to investigate the Z-R relationship for the western Pacific warmpool region. Such a relationship is needed in order to use the reflectivity data collected by the shipboard radars in TOGA COARE to estimate rain patterns.
The precipitation in major tropical cloud systems has a large stratiform component as well as a convective component (Houze 1989; Mapes and Houze 1995) . Tokay and Short (1996) found that the drop size distributions measured at Kapingamarangi fell into two distinguishable groups: one dominated by small drops and the other dominated by large drops. They suggested that these groupings of the data arise from the convective and stratiform portions of the rainfall, respectively. In this study, we find that the drop size distributions sampled by aircraft also tend to fall into two groups, but that these groups do not correspond to convective and stratiform precipitation-rather, that stratiform precipitation itself may contain both large-and small-drop distributions. To arrive at this conclusion, we analyze all of the drop size distributions sampled by the Electra aircraft at altitudes of about 3 km, and we use radar data from the National Oceanic and Atmospheric Administration (NOAA) WP-3D (P-3) aircraft, when it was flying coordinated missions with the Electra, to determine whether the Electra was sampling particle images in convective or stratiform radar echo.
Data a. Particle-image probe
The particle-image probe on the NCAR Electra aircraft was a Particle Measuring System Inc. (PMS) 2D precipitation monoprobe, which detects particles in the diameter range of 0.2-6.4 mm. Data obtained by the probe were accumulated over 6-s intervals, each representing approximately 750 m of flight track and an average volume of about 1400 L. The PMS probes onboard the Electra were mounted near the wing tip such that a laser light beam illuminated a vertical plane oriented parallel to the flight track. Particles passing between the laser source and an array of light detectors occult the beam, producing an image of the particle. The probe was calibrated approximately once a month with a spinning disk etched with calibrated images (D. Baumgardner 1995, personal communication) .
The initial steps in the PMS data processing were performed by R. Black of NOAA/Atlantic Oceanographic and Meteorological Laboratory/HRD (Hurricane Research Division) (see appendix A for details). After receiving the data from NOAA, further processing was performed. Postproject-calibrated 1-s Electra flight- Bond and Alexander (1994) . The cloud systems investigated by the aircraft are categorized by mission class according to the cloud systems' contiguous area of infrared cloud top colder than 208 K, following Mapes and Houze (1992) . Class 4-larger than 60 000 km 2 , class 3-between 20 000 and 60 000 km 2 , class 2-between 6000 and 20 000 km 2 , class 1-less than 6000 km 2 , and class 0-no clouds with IR temperatures less than 208 K. level data provided by NCAR were used to retain only those data obtained when the aircraft was between altitudes of 2.7 and 3.3 km. Samples collected when the aircraft was only partially within precipitation over the 6-s interval (sample volume less than 1000 L) were deleted from the dataset. A total of 7022 6-s samples of PMS data meeting these criteria were collected during 29 Electra missions over a wide area ( Fig. 1) and within a variety of large-scale atmospheric conditions (Table  1 ). An additional quality control step removed spurious counts of unknown origin in bin sizes larger than 4 mm. Since true drop size spectra usually contain data in contiguous bins, data in bin sizes larger than 4 mm were rejected when the sum of the counts in bin sizes from 3 to 4 mm within the same sample was zero. Spurious counts of this nature were removed from about 4% of the samples. To characterize the vertical motions associated with the drop spectra, corrected NCAR Electra flight-level data obtained at 1-s intervals were averaged over 6-s intervals to compute the flight-level vertical velocity associated with the 6-s PMS data samples. Radar reflectivity factor Z (mm 6 m Ϫ3 ) and rain rate R (mm h Ϫ1 ) were computed as follows from the qualitycontrolled drop spectra:
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where D i is the diameter (mm) corresponding to the ith bin in the histogram of the drop spectrum, n i is the number of drops in that bin, and V(D i ) is the fall speed (cm s Ϫ1 ) of the drops according to the empirical formula of Gunn and Kinzer (1949) . For presentation, the radar reflectivity factor is converted to decibel units of radar reflectivity, with dBZ ϭ 10 log 10 Z. Note that (1) and (2) determine Z and R directly from the measured drop size spectrum; they require no assumption that the spectrum has any particular form (e.g., exponential) . Note also that radar reflectivity is calculated from the measured drop sizes; it is not measured by a radar. Radar data are used in this study only to determine the structure of the radar echoes within which the particle size spectrum is measured.
At certain stages of storm evolution, a few large drops may dominate the raindrop size distribution (large-drop spectra), while at other times, numerous small drops are more common (small-drop spectra ; Waldvogel 1974; Austin 1987) . Since radar reflectivity is more sensitive to drop diameter than rain rate [(1) and (2)], the same rain rate can be produced by many small drops, producing a lower reflectivity, or a few larger drops, producing a higher reflectivity. We refer to a drop size spectrum producing a low (high) reflectivity at a given rain rate as a ''small (large)-drop distribution.''
b. Radar
Data from five airborne radars are employed ( Table  2 ). The horizontal structure of radar echoes is indicated by lower-fuselage (LF) radars on the two NOAA P-3 aircraft (N42RF and N43RF). Both NOAA P3 aircraft are instrumented with a C-band (5-cm wavelength) LF radar, which scans horizontally at a small elevation angle to minimize the intersection of the beam with the ocean surface. The vertical width of the beam of the LF radar is large (4.1Њ). Thus, depending on aircraft altitude, the radar reflectivity values at longer ranges may include backscatter from above, within, and below the 0ЊC level, making the comparison of absolute reflectivities at different ranges ambiguous. However, the horizontal beam- width of the LF radar is small (1.1Њ), permitting detailed mapping of the horizontal pattern of reflectivity. We constructed maps of the P-3 lower-fuselage radar reflectivity for all times that the Electra aircraft was within 120 km of a P-3 aircraft and the P-3 was flying straight and level. Each map is a composite of the reflectivity measurements obtained during a 5-min segment of the P-3 flight track. The radar measurements obtained during each 5 min were interpolated 3 to a 2 km ϫ 2 km horizontal grid. We call each 5-min radar reflectivity map an ''LF composite.''
The detailed vertical structure of radar echoes is indicated by X-band (3-cm wavelength) tail radars onboard the NOAA and NCAR aircraft. The tail radars map reflectivity and Doppler radial velocity at fine resolution in the vertical with scanning cones tilted approximately Ϯ20Њ perpendicular to the aircraft heading (20Њ from vertical; Hildebrand et al. 1994) . The X-band tail radars are severely attenuated in heavy rain, so that their effective range is usually limited to less than 40 km. The Electra tail radar data are recorded in range bins 0.15 km wide. The beamwidth is 1.8Њ, so the effective spatial resolution is about 1.3 km at the farthest useful range (40 km). The P-3 tail radar data are similar. The two NOAA P-3 aircraft flew a total of 25 missions over the 4-month IOP . During a subset of those missions, the P-3 aircraft operated in proximity to the NCAR Electra. Research quality data are available from the Electra Doppler radar (ELDORA) tail radar for several missions in February 1993.
Methods of analysis a. Definition of convective and stratiform precipitation
This study analyzes the similarities and differences between raindrop size distributions in convective and 3 The software used to perform the interpolation of the aircraft LF data is called INTERPOL; its original version was written by B. Mapes. stratiform precipitation. The nature of the precipitation field in a region of the atmosphere reflects the nature of the vertical air motions in that region. When the intensity of the precipitation exhibits strong variability in the horizontal and radar echoes consist of vertical columns of high reflectivity, the air is usually in a state of convection characterized by strong up-and downdrafts, which act to homogenize the vertical distribution of moist static energy in the atmosphere. In such situations, the air contains up-and downdrafts of about 1-10 m s Ϫ1 , and we refer to the horizontally variable precipitation seen on radar as ''convective precipitation. '' Houghton (1968) pointed out that the primary precipitation-growth process in convective precipitation is a collection of cloud water by precipitation particles in the strong updraft cores. Convective up-and downdrafts are usually 1-6 km in dimension (Yuter and Houze 1995a) . Typically, several updraft-downdraft pairs occur in the same general vicinity and produce a horizontally variable precipitation pattern over an area approximately 10-100 km in horizontal dimension. We refer to such a pattern of precipitation as a ''convective region. '' When the intensity of the precipitation over an area approximately 10-100 km in horizontal dimension exhibits less variability in the horizontal and the radar reflectivity field appears to be in layers, the precipitation is typically referred to as ''stratiform.'' The upward air motions sustaining stratiform precipitation are weaker (ϳ1-10 cm s Ϫ1 ) but more widespread than the locally strong up-and downdrafts in regions of convective precipitation. Thus, the fall speeds of the precipitating ice particles (ϳ1-2 m s Ϫ1 ; Locatelli and Hobbs 1974) far exceed the magnitude of the vertical air motion. Houghton (1968) pointed out that under these conditions the primary precipitation-growth process is vapor deposition on ice particles, a slow process, and particles must fall from near cloud top to attain the maximum possible growth by vapor diffusion. Stratiform precipitation areas are thus distinct from convective areas by virtue of particles always settling downward and growing slowly by deposition of vapor, in contrast to the convective updraft cores, in which large concentrations of droplets condense rapidly and are readily available for collection by larger precipitation particles.
When a convective updraft weakens, many ice particles grown by collection of cloud droplets and carried up to the top of the cell during the active phase of the convective updraft slowly fall out through the weaker upward motion, while continuing to grow by vapor diffusion. The once-convective precipitation core thus turns into a region of stratiform precipitation. The weakening of convective cells appears to account for a large portion of the stratiform-appearing radar echo over the tropical ocean. In this sense, the designation stratiform does not imply that the precipitation was not convective in origin, but rather that the dominant air motions and precipitation growth processes have changed over from
Illustration showing a grid with radar reflectivity data classified into convective and stratiform regions. Particle-probe measurements (represented by tick marks along the flight track) obtained within convective regions according to the convective-stratiform map derived from radar data are classified as convective, and those obtained within stratiform regions are classified as stratiform. Particle-probe samples obtained within grid boxes classified as less than half convective (less than 2 km from convective grid boxes) were not put into either the convective or the stratiform category.
the collection-dominated vertical columns of strong radar echo to the vapor-diffusion-dominated broad layers characterized by downward drifting ice particles formed earlier in updrafts but left aloft as the upper regions of convective updrafts weaken. As the parcels of air in the convective updrafts rise out of the boundary layer and reach the upper atmosphere, they broaden and flatten as a result of decreasing pressure and of reaching their level of neutral buoyancy (Lilly 1988; Yuter and Houze 1995c) . As progressively more weakened, spreading convective elements congregate in the upper troposphere, they amalgamate to form a large horizontal area, which we identify as the stratiform region on radar.
b. Identification of convective and stratiform portions of a radar echo
It is difficult to locate regions of atmospheric convection because direct measurements of the vertical air motion are rarely available to indicate those areas in which air is actively overturning. Willis et al. (1995) have suggested that the variance of 6-m spatial scale (20 Hz) vertical air motions sampled by aircraft over 750 m of flight track can be used to classify whether that 750-m interval lies in a convective or stratiform region. However, since the scale of radar-detectable irregularities in precipitation (and air motion) patterns is usually 2-5 km and the scale of a convective region detected by radar is typically 10-100 km in dimension, the existence of a few highly localized spikes of vertical velocity along a particular 750-m line segment (producing a high variance in that segment) only indicates that the segment may lie somewhere within a larger region of convective overturning. However, it also may lie in a stratiform region; in section 4, we show that stratiform regions contain small-scale variability that is greatly reduced when the data are filtered to 2-or 4-km resolution. Furthermore, the absence of spikes of vertical velocity along a 750-m flight segment does not indicate that the segment is not within a larger region of convective overturning. A convective region is not filled everywhere with strong up-and downdrafts (Yuter and Houze 1995b,c) . Rather, it is a region approximately 10-100 km in dimension in which strong local updrafts, generally larger in scale than 750 m, occur intermittently and sporadically. The 750-m segments of high variance, of the type detected by the method of Willis et al. (1995) , are thus not present everywhere in a region of convective overturning.
Vertical air motion patterns, whether measured by radar, aircraft, or some other means, are usually not available. Radar reflectivity measurements, on the other hand, are commonly available to depict the structure of the precipitation field at high resolution (ϳ1-2 km) over large regions of the atmosphere. Therefore, practical methods for distinguishing regions of atmospheric convection from regions of stratiform air motions and precipitation growth use the reflectivity field alone. In this study, we employ an algorithm first developed for application to 4 km ϫ 4 km grids (Churchill and Houze 1984) and later refined for application to 2 km ϫ 2 km grids (Steiner et al. 1995) . This method identifies regions of convection and declares the rest of the radar echo to be stratiform. We apply the method to the LF composite maps constructed from the P-3 lower-fuselage radar data. The 2 km ϫ 2 km grid of the LF composite (represented by the background grid in Fig. 2 ) closely approximates the basic horizontal resolution of the LF radar data as determined by the beamwidth at the maximum range of the reflectivity data. However, 2 km is not the basic resolution of our analysis. Rather, the smallest feature we delineate in the convective-stratiform separation is the convective region. The method of convective-stratiform separation uses the intensity and texture of the precipitation (as depicted by the 2-kmresolution data) to indicate the general regions in which air is overturning convectively, and where it is not. A convective region thus identified on radar represents a general region of active convective up-and downdrafts. Such a region is usually much larger than 2 km ϫ 2 km.
The method of Steiner et al. (1995) marches across the 2 km ϫ 2 km grid and looks at the value of the reflectivity at each data point. The method decides, for each point in the grid, whether that point is a convective center. The reflectivity value centered at that point must satisfy one of two criteria to qualify as being a convective center: either it must exceed some specified value of reflectivity (which is so high that the point must undeniably be in a region of convection) or it must be a local maximum of reflectivity that stands out from the background reflectivity in the surrounding region (defined as a circle 22 km in diameter) by a specified amount. The second criterion is necessary because there VOLUME 36
is a wide range of intermediate reflectivity values that can be in either convective or stratiform regions. In this study, we primarily use the second criterion since the aircraft often flew at altitudes such that the radar beam intersected the bright band, resulting in broad areas of high reflectivity in the LF composite that confounded the threshold intensity criterion. The peakedness criterion only requires knowledge of the relative values of reflectivity in a localized area over which the beamwidth does not vary greatly. In appendix B, we describe more specifically how we implement these criteria.
Once the technique declares a point to be a convective center by one of the above criteria, a circular region around that point is declared to be a convective region. This region is 2-10 km in diameter. The diameter of the convective region is a function of the mean background reflectivity in the region (22 km in diameter) surrounding the convective center. Steiner et al. (1995) determined the convective region size by examining the 3D structure of the echo to judge whether the echo surrounding a convective center was convective or stratiform. We followed a similar procedure in this paper (see appendix B for details). Although the diameter is sometimes as little as 2 km, the bulk of convective regions surrounding convective centers are approximately 5-6 km in diameter. Moreover, several convective regions often overlap or touch, so that the size of the total convective region is usually much greater than a few kilometers in horizontal dimension.
c. Categorizing precipitation types for the drop size data
This study aims to determine whether the raindrop size distribution differs statistically according to whether the precipitation on radar is within a convective or stratiform region. As discussed above, the convective and stratiform regions are gross subdivisions of the radar echo, the smallest convective region being as little as approximately 2 km in diameter, but more typically greater than 5 km in diameter. The aircraft sampled the raindrop size distributions in 6-s time intervals, which correspond to a flight track length of about 0.75 km, or a factor of approximately one-third the scale of the smallest convective region. Thus, the aircraft sampled the raindrop size distribution numerous times as it traversed a convective or stratiform region (the tic marks on the flight track in Fig. 2 ). Within convective and stratiform echo regions, there is variability of both air motions and microphysics, and no individual 6-s sample obtained by the aircraft is by itself representative of the convective or stratiform region as a whole. This study examines the statistics of the raindrop size distributions sampled in the relatively gross convective and stratiform regions identified by radar.
To determine the statistics of the raindrop size distributions sampled in convective and stratiform regions, we must determine when the Electra aircraft, which measured the drop size distributions, was flying through convective or stratiform precipitation. To make this determination, we appeal to a dataset that is independent of the drop size measurements-namely, the echo patterns detected by lower-fuselage radars on the two NOAA P-3 aircraft flying in coordination with the Electra. More specifically, we applied the convective-stratiform separation method described above and in appendix B to the P-3 LF composite radar echo maps (section 2) to delineate the boundaries of areas of convective and stratiform precipitation. We then used the NCAR/RDP (Research Data Program) Zebra software (Corbet et al. 1994) to plot the position of the NCAR Electra aircraft track relative to these boundaries by overlaying the Electra flight track on the P-3 convective-stratiform map. From these overlays, we determined the segments of the Electra flight track that were in convective and stratiform precipitation regions. This procedure allowed us to categorize each 6-s sample of the raindrop size distribution according to whether it was obtained within a convective or a stratiform region.
If the radar echo intensity at a 2 km ϫ 2 km grid element was less than 15 dBZ, it was classified as weak echo and not designated as either convective or stratiform. The value at a grid point was thus designated as convective, stratiform, weak echo, or no echo. The weak echo category was introduced since sea clutter (echo from the rough ocean surface) and weak echo were difficult to distinguish in the LF composites. The PMS data were collected only when the Electra aircraft was in precipitation. An additional category was used to indicate when the aircraft was within 2 km of the edge of a convective region. This precaution assured that the PMS data were categorized only when the Electra aircraft was clearly within a convective or stratiform region and reduces the sensitivity of the results to the specific tuning of the algorithm. The division of the particle-image data into convective and stratiform subsamples is dependent on accurate locations of both the Electra flight track and P-3 LF radar data. Global Positioning System corrected data were used for both the P-3 and Electra positions. The error in the absolute locations of the P-3 and Electra aircraft is less than 500 m (Friehe et al. 1996; S. Burns 1996, personal communication; D. Friesen 1996, personal communication) . Other uncertainties in the objective classification of the LF composites into convective and stratiform areas are related primarily to beam filling (Rosenfeld et al. 1992 ) and the classification of the transitional stage of embedded convection and heavy fallstreaks (section 4a and appendix B). As a matter of safety, the Electra aircraft did not penetrate the most intense convective cores. Therefore, very high convective rain rates are not represented in the particle-image dataset. The large number of samples and the operational ease in sampling a range of stratiform conditions provides relatively high confidence that the spectrum of stratiform conditions has been adequately sampled. Ad-
. Radar reflectivity and rain-rate data derived from Electra PMS data 6-s samples (ϳ750-m spatial scale) classified using convective-stratiform maps computed from P-3 LF radar reflectivity composites. Samples are classified as (a) convective (133 6-s samples) and (b) stratiform (1793 6-s samples). (c) The two distributions overlaid, convective as black dots and stratiform as gray dots. ditionally, the drop size distribution data are from the precipitation probe only. The PMS cloud probe data were not included, contributing up to a 5% error in overall rain rate statistics (R. Black 1995, personal communication) . However, since rain rate and radar reflectivity are computed from the same drop size distribution, their relationship is accurate.
Classified drop spectra
For Electra missions occurring on 14 December 1992 , 15 December 1992 , 6 February 1993 , 9 February 1993 , and 10 February 1993 , the set of 6-s samples falling within regions classified as convective or stratiform within the NOAA P-3 LF radar-derived convectivestratiform maps were extracted from the overall time series of particle-image data. The sets of convective and stratiform points for the five missions are combined in Fig. 3 . Although there are many more stratiform points than convective points, Fig. 3 shows that the distributions of convective and stratiform points overlap and do not form two distinct populations.
The population of drop spectra in convective regions encompasses rain rates from 0.3 to 62 mm h Ϫ1 and reflectivities from 19.5 to 46.5 dBZ. Within the stratiform population (Fig. 3b) , 7.6% of the samples have rain rates greater than 10 mm h Ϫ1 and 1.3% of the samples 4 have rain rates greater than 20 mm h Ϫ1 . Rain rates greater than 10 mm h Ϫ1 are unexpected given the conventional wisdom that rainfall-rate values higher than 10 mm h Ϫ1 are not characteristic of stratiform regions. What is the origin of these high-rain-rate stratiform drop spectra?
a. Transitional regions
Forty-one percent of the stratiform region rain-rate samples greater than 10 mm h Ϫ1 were obtained when the aircraft was 3-10 km from a convective region boundary (Table 3 ). The available ELDORA tail radar data indicate that these samples were obtained in regions where the reflectivity field was in transition from the VOLUME 36 vertically oriented maxima, characteristic of convective precipitation, to the layered appearance of stratiform precipitation (section 3a). We could have adjusted the objective convective-stratiform separation algorithm to force these points into the convective category. However, statistical analysis of simultaneous high-resolution measurements of radar reflectivity and dual-Doppler vertical velocity has shown that the most commonly occurring vertical air motions within transitional regions are weak and stratiform in character before the reflectivity pattern appears fully uniform in vertical cross sections (Yuter and Houze 1995b) . Since the vertical velocity characteristics of transitional regions appear to be primarily stratiform, we suggest that their classification as stratiform in the objective convective-stratiform separation algorithm is reasonable. Therefore, occasional high-rain-rate samples obtained within these transitional regions will be included in the stratiform drop spectra population.
b. Fallstreaks
The majority (59%) of the stratiform drop spectra with rain rates greater than 10 mm h Ϫ1 were obtained more than 10 km from a convective region boundary (Table 3) . When available, the corresponding ELDORA tail radar data exhibited a radar bright band, the classic signature of stratiform precipitation. An example of such a situation is illustrated by Figs. 4a, 4b , 5a, and 6. The Electra aircraft was flying within a stratiform region approximately 30 km from any convective region (Fig. 5a ). The ELDORA tail radar data at 1806:09 UTC 9 February 1993 contain a strong bright band of 30-to 45-dBZ intensity and weak reflectivities above the 0ЊC level (ϳ4 km), extending to an altitude of 13 km (Fig.  4a) . Since the tail radar antenna sweeps out a cone oriented about 20Њ perpendicular to the aircraft heading, the radial velocities directly above and below the aircraft contain components of both the vertical and horizontal velocity vectors. Fallstreaks in the reflectivity pattern are the elongated maxima of reflectivity extending downward from the bright band (Fig. 4a) . Fallstreaks are commonly seen in stratiform precipitation and are either the remnants of deep convective cells or the result of overturning induced by cooling in the melting layer. The radial velocity data in Fig. 4b indicate that the winds are laminar, blowing from left to right below an altitude
of 9 km. The shear of the wind produces the bending of the fallstreaks in the reflectivity pattern. Time series data of vertical velocity and PMS-derived rain rate and reflectivity collected at a flight level averaged 5 over three different time periods corresponding to three distances along the flight track (6 s-0.75 km, 18 s-2.25 km, and 32 s-4.5 km) provide additional information on the local setting in which the drop spectra were sampled. The flight track segment classified as stratiform (section 3c) corresponding to Figs. 4a,b is from 1802:44 to 1806:32 UTC. Along this segment of the Electra's track, the average rainfall rate is 9.1 mm h Ϫ1 and the reflectivity is 36.4 dBZ. The magnitude of the flight-level vertical velocity is near 0 m s Ϫ1 , much less than the fallspeed of drops (section 3a). The sharp peak in rainfall rate at 1804:16 at 24.6 mm h Ϫ1 (solid line in Fig. 6a ) is smoothed to a value of approximately 14 mm h Ϫ1 at a 2.25-km spatial scale (dashed lines in Fig. 6a) . The values of rainfall rate, reflectivity, and vertical velocity exhibit a high spatial frequency variability that is captured by the 750-m data (solid lines) but is considerably reduced at 2.25-km (short dashed lines) and 4.5-km (long dashed lines) spatial scales.
5 Radar reflectivity data (mm 6 m Ϫ3 ) are averaged and then converted to dBZ.
Time series data such as in Fig. 6 indicate that high rain rates (k10 mm h Ϫ1 ) in stratiform rain occur as sharp peaks in the 6-s (750 m) data but are usually smoothed out when the data are averaged to 2.25-km (similar to the scale of the LF composites) and 4.5-km spatial scales.
Later during the same flight (1923:49 UTC 9 February 1993), the stratiform region was more mature and the aircraft was farther away from active convective regions (Fig. 5b) . Reflectivities in the ELDORA tail radar data (Fig. 4c) had higher values above the bright band, although the echo top was slightly lower than at 1806:09 (Fig. 4a ). Fallstreaks were again evident, bending from left to right with the wind shear below the bright band (Figs. 4c,d ). The time series for 1921:11-1925:31 UTC (Fig. 7) has a lower average rain rate (3.7 mm h Ϫ1 ) and average reflectivity (33.9 dBZ). The high spatial frequency variability within the R, Z, and w data is present but is of smaller amplitude than during the 1802:44-1806:32 UTC time series.
The features of high spatial variability seen in the time series (Figs. 6 and 7) correspond to fallstreaks seen on airborne tail radar (Fig. 4) . Within the more intense fallstreaks, reflectivity values were as high as 40 dBZ (rain rates up to approximately 25 mm h Ϫ1 ). However, fallstreaks were not always associated with high rain rates (Figs. 4, 6, and 7) . The likelihood that intersection VOLUME 36 of a fallstreak at 3 km would yield drop spectra with high rain rates is increased when the fallstreak reflectivity is high and when the stratiform region is comparatively young (e.g., the region has more recently transitioned to stratiform). The radar and time series data indicate that the fallstreaks are between about 0.1 and 2 km in diameter. Thus, only data sampled at spatial resolutions finer than the fallstreak diameters can resolve the high peak rain rates associated with intense fallstreaks. At coarser resolution, these high-rain-rate peaks will be smoothed out. Additionally, the rain rate at an altitude of 3 km is not the same as the surface rain rate.
During TOGA COARE, fallstreaks were commonly observed within stratiform regions by both the NCAR Electra and NOAA P-3 tail radars and by the National Aeronautics and Space Administration (NASA) DC-8 ARMAR (airborne rain-mapping radar) downwardlooking radar (Durden et al. 1994) . The fallstreaks are visible in the airborne tail radar data since the airborne tail radar beam sweeps around an axis parallel to the earth's surface and thus obtains very fine resolution data in a continuously updated conical vertical cross section (section 2b). The shipborne radars used in TOGA COARE usually scanned around an axis perpendicular to the earth's surface and seldom obtained high-resolution vertical cross sections. The smoothing out of the fallstreak peaks at 2.25-and 4.5-km resolution (Figs. 6 and 7) indicates that individual fallstreaks within stratiform regions are usually not resolved at the scale of the interpolated LF composites and NASA TOGA COARE reflectivity maps (2 km ϫ 2 km; Kucera et al. 1995) .
Since fallstreaks bend with the low-level wind shear and do not usually extend to the surface, there is also variability in reflectivity within vertical columns (Fig.  4) . Thus, although relatively uniform in comparison to convective regions, stratiform regions contain discon- tinuities in drop spectra and associated microphysical processes at spatial scales of hundreds of meters.
Fallstreaks 0.1-2 km in horizontal scale have been observed since the earliest radar observations of stratiform precipitation (Battan 1973 ). As noted above, there are two main hypotheses to explain the origin of fallstreaks. The first is that they are remnants of convective cells. Yuter and Houze (1995c) referred to the ensemble of hydrometeor trajectories associated with a buoyant updraft element as a ''particle fountain.'' In the convective stage of a storm, the buoyant parcels carry ice particles to the middle and upper levels of the storm and spread them laterally before they fall, just as jets of water in a fountain shoot up and spread out before falling to the ground in a gravitationally sorted pattern. As a convective region dies out and the precipitation takes on a stratiform character, the ice particles left aloft by the old spreading buoyant elements (the upper portion of old particle fountains) are local maxima in ice particle concentrations. These concentrated particles gradually fall out through the region of weak stratiform ascent. The concentrated particles likely aggregate, melt into large drops, and manifest themselves as fallstreaks below the 0ЊC level. The other hypothesis holds that fallstreaks are produced within the melting layer itself. Convective destabilization produced by melting leads to overturning within the melting layer and creates an environment favorable for liquid water collection. These local regions of favored liquid water collection within the melting layer produce larger drops, which upon falling through the layer become fallstreaks. The datasets in this study cannot address the validity of these theories. We speculate that some combination of these processes are at work in the production of fallstreaks.
c. Large-and small-drop spectra within stratiform regions
At a given rain rate (for rates in the range 1-10 mm h Ϫ1 ), the points in Fig. 3 are spread over about 9 dB. Since each point is derived from a separate measurement of the drop size distribution, this 9-dB spread indicates the presence of a wide range of drop spectra characteristics, which encompass both large-and small-drop spectra. When the data from the two flight segments represented in Figs. 6 and 7 are highlighted in the Z-R plot of the stratiform population (Fig. 8) , it is clear that a broad range of drop spectra can occur within unambiguously stratiform conditions. Profiler observations from Darwin, Australia, have also indicated a wide range of drop spectra median volume diameters within tropical stratiform regions (Fig. 9 in May and Rajopadhyaya VOLUME 36 1996). Waldvogel (1974) noted that a change from smallto large-drop spectra, manifested as an increase in the overall magnitude of reflectivity, could occur where a uniform bright band was present within extratropical storms (see his Fig. 2) . Huggel et al. (1996) have noted both small-and large-drop spectra within precipitation regions exhibiting a distinct bright band as well.
Stratiform precipitation occurs when the vertical velocity of the air in which ice particles grow and fall out is generally small compared to the fall speed of snow. In such situations, the larger snow crystals often aggregate and thus discontinuously form much larger particles. This process adds nothing to the mass of the precipitation, but when these large ice aggregates melt, they form large raindrops. Portions of stratiform regions in which aggregation is active thus produce rain with large-drop spectra (Waldvogel 1974; Braun and Houze 1994) . Other portions of stratiform regions, where aggregation is not so active, or where only smaller particles are aggregating, produce much smaller raindrops when they melt.
Whether or not aggregation is active depends on a subtle mixture of conditions. Production of large aggregates is enhanced when the sizes of the constituent ice crystals are larger and the crystals are branched . Rimed snow crystals are less likely to aggregate and are associated with small-drop spectra (Waldvogel et al. 1995) . Low ice particle concentrations less than 1 L Ϫ1 also tend not to form aggregates (A. Rangno 1996, personal communication) . Weak ascent of the air through which a group of ice crystals is falling appears to enhance the formation of aggregates (Braun and Houze 1994) . For our present concern, we note that because the circumstances under which aggregation of large particles is active are sensitive to a variety of conditions, it is reasonable to expect a dichotomy of drop size spectra in stratiform rain: large-drop spectra when large aggregates have been forming and melting, and small-drop spectra when they have not. This rea-
Radar reflectivity data vs rain rate derived from Electra PMS data for all samples meeting conditions described in section 2a (7022 6-s samples). Inset is a sketch of relative positions for populations of large-and small-drop spectra within the figure.
soning is consistent with Fig. 3 , which shows that the stratiform precipitation distinguishable in radar data encompasses both small-and large-drop spectra. Moreover, the occurrence of large aggregates can be sporadic. Houze and Churchill (1987) found that regions of large aggregates appeared suddenly and intermittently along the aircraft flight path within oceanic tropical stratiform precipitation. Figure 3 shows that for heavier stratiform rain rates, both small-drop and large-drop spectra exist, while weaker stratiform rain rates most often have a small-drop spectrum. Whenever ELDORA tail radar data were available, we verified that the high rain rates in the stratiform drop spectra population were obtained either in regions containing fallstreaks emanating from a well-defined bright band (section 4b; e.g., Figs. 4 and 6), or in transitional regions in the vicinity of convective regions (section 4a).
It is thus clear that the populations of small-and largedrop spectra do not correspond uniquely to convective and stratiform regions since stratiform precipitation itself contains a broad range of drop spectra. It follows that a convective-stratiform separation method that uses drop size distribution characteristics such as mean volume diameter as the separation criterion (e.g., Tokay and Short 1996) will not be effective.
Z-R relations
Since the sets of Z-R points for convective and stratiform regions do not form statistically distinct populations (Fig. 3) , it is reasonable to derive a single Z-R relationship that applies to all the Electra PMS data collected between 2.7 and 3.3 km (Table 1) . When we plot all the 6-s sample values from the PMS probe in the same Z-R graph (Fig. 9) , the points from large-and small-drop spectra samples are evident, as indicated in the inset. A higher Z is associated with the same R if the drop spectrum producing the reflectivity contains larger drops. When the PMS data are averaged to approximately a 2.25-km spatial scale (18-s samples 6 instead of 6-s samples), the two drop size populations remain evident (Fig. 10) .
a. Exponential and probability-matched fits
The traditional method of combining a set of Z-R points into a practicable function is to fit the points to a relation of the form Z ϭ aR b , where a and b are positive constants. Usually, Z and R are plotted on the log scale, and a and b are derived from the slope and intercept of a straight line fit to the Z-R points. This procedure, however, is sensitive to the number of points in the sample (Smith et al. 1993) and to the time-space resolution of the samples of the drop size distribution on which each (Z, R) is based. For the Electra data in this VOLUME 36 study, the least squares median 7 exponentially fitted Z-R relations are Z ϭ 261R
1.45 for the 6-s samples and Z ϭ 137R
1.76 for the 18-s samples. The Z-R relations obtained by probability matching-that is, by matching the percentile values of Z and R (Calheiros and Zawadzki 1987; Rosenfeld et al. 1993; Houze 1993 , chapter 4)-are nearly identical for the 6-and 18-s samples for rain rates greater than 1 mm h Ϫ1 (Fig. 11) . The stability of the probability-matched relationship implies that the drop size data obtained on small time-and/or spatial scales are more likely applicable at the resolution of the radar measurements if the Z-R relation is inferred from the data by probability matching than by an exponential fit. In the case of oceanic precipitation in COARE, we recommend using the probability-matched relation (Table 4) . If an exponential-fit relation is used, one should use a relation appropriate to the scale of the radar data to which it is applied.
Since the Electra did not fly through intense convective cores, there are no data 49 dBZ and greater upon which to base a probability-matched relationship. We assign reflectivity values greater than or equal to 49 dBZ to 100 mm h Ϫ1 , based on extending the trend in the data. Although very coarse, this approximation will have only a small effect on rainfall statistics since less than 1% of TOGA COARE ship radar reflectivity data exceed 7 A least squares median fit is similar to a least squares fit but is less sensitive to outliers (more robust) than a least squares fit (Rousseuw and Leroy 1987).
40 dBZ (C. Leary and T. Doggett 1995, personal communication) .
b. Calculation of Z-R relation using rain rates adjusted for vertical air motions
We recomputed the drop size distribution rain rates by adjusting for the vertical motion of the air (Atlas et al. 1995) . For this purpose, we used the average vertical velocity w (cm s Ϫ1 ) measured by the aircraft at flight level during the same 6-s periods in which the drop size data were obtained. We used the formula 32 3
The probability-matched relation was then computed for the Z-R w points and is shown in Fig. 11 . The use of R w versus R makes an insignificant difference in the computed probability-matched relation for the entire dataset (Table 4) . Indeed, in Fig. 11 , the crosses of the Z-R w relation and the ϫ's of the Z-R relation are so close that most of the points appear as star symbols. The physical reason for closeness of the probability-matched relations is the weak correlation between reflectivity and vertical velocity in the Electra PMS dataset (Fig. 12) . The vast majority of higher-reflectivity data are associated with vertical air motions near zero. Although the Electra sample is biased in favor of sampling within stratiform regions (section 3c), the weak association between high values of reflectivity and vertical velocity was also observed in a highly convective line of Florida
Comparison of probability-matched relations; ϫ's-probability-matched Z-R for 6-s samples, squares-probability-matched Z-R for 18-s samples, and crosses-probability-matched Z-R w (using vertical velocity adjusted rain rates) for 6-s samples. The probability-matched Z-R and Z-R w relations for 6-s samples are nearly identical, so most of their respective data points appear as star symbols.
thunderstorms (Yuter and Houze 1995a) . Thus, although outliers in the population can always be found where the computation of R w versus R makes a large difference (Atlas et al. 1995) , the statistics of the entire dataset do not yield a significant difference between probabilitymatched Z-R relations computed with R versus R w . Figure 13 compares the Z-R relations derived in this study to others that have been used for the TOGA COARE region. The TOGA COARE probability-matched relation is very similar to the Global Atmospheric Research Program (GARP) Atlantic Tropical Experiment (GATE) Z-R, with Z ϭ 230R 1.25 (Hudlow 1979 ) for reflectivities greater than 20 dBZ. At reflectivities less than 20 dBZ, the corresponding rain rates are less than 0.5 mm h Ϫ1 , and the slightly higher rain rates of the TOGA COARE relation compared to the GATE Z-R will have a very minor effect on rainfall accumulations. However, the GATE Z-R was obtained at the surface (on a ship), while the drop size samples from the Electra in TOGA COARE were obtained at approximately the 3-km level. It remains to be determined whether the Z-R relation at the ocean surface differs significantly from that at 3 km. Figure 13 also indicates that application of our single Z-R will increase rainfall in stratiform regions and decrease rainfall in convective regions compared to rainfall calculations based on the Tokay and Short (1996) Z-R's. These differences are potentially quantitatively important- Steiner and Houze (1997) show that using separate Z-R relations for convective and stratiform regions can lead to estimates ranging from 30% to 80% for the fraction of total rain that is convective. The use of a single Z-R relation reduces the range of estimates for the convective rain fraction to 40%-60%.
c. Comparison to other tropical Z-R relations

d. Considerations in the calculation of surface rainfall rates
Most precipitation maps are in terms of surface rain rates. However, the scanning geometry of surface-based radars and the curvature of the earth conspire so that radar measurements cannot be made close to the surface at far ranges from the radar. For example, the altitude of the TOGA COARE ship radar reflectivity maps produced by NASA (Kucera et al. 1995 ) is 2 km. Application of Z-R relations derived from surface drop spectra (e.g., distrometer) measurements to radar data aloft can only be made when the nature of the precipitation in terms of Z and R is similar between the level of the measurements and the surface. A suggested procedure for producing surface rain maps from the shipborne ra-TABLE 4. Probability-matched Z-R relation for Electra PMS data valid for 3-km altitude from an approximately 750-m horizontal scale (6 s) data (section 5a). Where the vertical velocity adjusted probability-matched Z-R w relation (section 5b) differs from the Z-R by more than 0.01 mm h Ϫ1 , the difference R w Ϫ R is shown in parentheses. Since the Electra did not penetrate intense convective cells, there are no data available at very high reflectivities. The last value in the table for radar reflectivity greater than or equal to 49 dBZ is an approximation. dar reflectivity maps would be to apply a single probability-matched Z-R relation derived from properly calibrated and sited distrometer measurements made over several months in the region of interest. Unfortunately, no such distrometer measurements were made during TOGA COARE.
8 It should be a high priority of the tropical precipitation community to properly site a calibrated distrometer in the warm pool region to resolve this deficiency.
The observed PMS drop size distributions examined in this study are valid for a height of 3 km. Therefore, 8 The Kapingamarangi distrometer was not sited properly during TOGA COARE. The instrument was deployed near overhead obstacles and was not placed on a horizontally level surface (M. Susedik 1995, personal communication) .
Comparison of various Z-R relations; X's-probability-matched Z-R for 6-s samples from this study, dotted line-GATE Z-R (Z ϭ 230R 1.25 ), short-dashed line- Tokay and Short (1996) convective Z-R (Z ϭ 139R 1.43 ), and long-dashed line- Tokay and Short (1996) stratiform Z-R (Z ϭ 367R 1.30 ).
application of our Z-R relation to the 2-km-altitude TOGA COARE shipborne radar data will not necessarily yield surface rain rates. The similarity of our Z-R relation to the GATE relation derived from surface distrometer data (Austin and Geotis 1979) suggests that the Z-R relation does not change much between 3 km and the surface. However, possible changes in drop spectra and hence Z-R from 3 km to the surface are extremely complex. The full set of processes affecting the drop distribution within a volume of air in the warm part of the cloud are air motions, nucleation from the vapor phase, vapor diffusion (condensation and evaporation), collection, drop breakup, and sedimentation or fallout [Houze 1993, chapter 3, Eq. (3.58) ]. An additional complication is that fallstreaks intersected by the aircraft at 3 km do not usually extend to the surface.
Previous studies have shown that as distance below cloud base increases, the number of small droplets is progressively depleted and the relative number of large drops in the spectrum tends to increase (Rigby et al. 1954; Mason and Ramanadham 1954; List and Gillespie 1976; Hauser and Amayenc 1983; Levin et al. 1991; Hu and Srivastava 1995) . However, the evolution of the drop spectrum with decreasing height does not change a small-drop spectrum into a large-drop spectrum or vice versa (May and Rajopadhyaya 1996) . Thus, the finding that small-and large-drop spectra do not correspond to convective and stratiform precipitation would appear to be valid at the surface as well as aloft. Since net water is evaporated, the rain rate at the surface is less than the rain rate aloft (Best 1952; Fletcher 1966) . While the nature of the changes occurring in the drop size distribution as rain falls from 3 km to the ocean surface can be described generally as above, an explicit microphysical model is needed to calculate it exactly. A detailed microphysical model calculation is beyond the scope of this study.
Average conditional rain rates for convective and stratiform regions
Average conditional rain rates-average rain rates for regions where it is raining-can be computed from the classified Electra PMS data for convective and stratiform regions (Table 5) . The degree to which these averages represent climatological averages depends on how well the sampling mirrors the relative occurrence of the different rain rates over climatological space and timescales. Since partially filled sample volumes are excluded from the PMS dataset (section 2a), the samples with rain rates less than 0.5 mm h Ϫ1 are those corresponding to continuous light rain, rather than intermittent moderate rain over the approximately 750 m of flight track. For stratiform regions, the large sample size over a wide variety of conditions provides confidence that the resulting average is reasonable. Since the previous studies (Table 5 ) to which ours is compared did not distinguish between weak echo and stratiform, we combine the stratiform and weak echo samples to obtain the average stratiform conditional rain rate. The Electra PMS conditional stratiform rain rate at 3-km altitude is 1-2 mm h Ϫ1 higher than those seen at the surface in VOLUME 36 several storms during GATE and during a midlatitude squall line (Table 4) . A difference of this magnitude in rain flux from 3 km to the surface is within the bounds of observed evaporative losses in tropical precipitation (May and Rajopadyaya 1996) . Since intense convective regions were undersampled by the Electra, the average conditional rain rate for convective regions is a lower bound.
Conclusions
The large sample of drop size distributions represented in Fig. 9 confirms earlier studies (e.g., Short et al. 1990) in showing the presence of both large-and small-drop populations in tropical precipitation. However, when these samples, obtained in TOGA COARE by a particle-image probe along the approximately 750-m segments of flight track of the NCAR Electra aircraft, are classified according to whether they were obtained within areas of convective or stratiform precipitation as seen by the lower-fuselage radar on the NOAA P-3 aircraft, the populations of Z-R points overlap (Fig. 3) . Thus, we find that the separation of precipitation into convective and stratiform regions does not distinguish between small-and large-drop spectra.
The results in Figs. 3 and 8 show, moreover, that stratiform regions contain a wide distribution of drop spectra (approximately a 9-dB variation for a given rain rate), encompassing both large-and small-drop spectra. The small-drop spectra in stratiform regions arise from the melting of small ice particles. Flight-level data and high-resolution cross sections from the tail radar reveal that on scales of 0.1-2 km, the stratiform region is highly variable microphysically and can contain local peaks of up to approximately 40 dBZ in reflectivity and 25 mm h Ϫ1 in rain rate. The large-drop spectra, higher rain rates, and higher reflectivities within stratiform regions are primarily associated with fallstreaks, which are likely the microphysical remnants of deep convection and/or convective overturning in the melting layer.
The broad distribution of rain rates and reflectivities within stratiform regions (Figs. 3 and 8) implies that regions containing small-or large-drop spectra do not have a unique signature in radar reflectivity or rainfall rate and that they can currently only be identified with direct measurements of the drop size distribution. Further, the microphysical properties of the stratiform precipitation are best characterized by the ensemble of drop spectra sampled within stratiform regions, rather than by any individual measurement of a small spatial-scale drop spectrum, which may not be representative of the stratiform region as a whole. The ensemble of Z-R values appears to be somewhat bimodal in character, corresponding to populations of large-and small-drop spectra (Fig. 9) . However, there is as yet no apparent way to distinguish from radar reflectivity patterns alone which areas are characterized by these large-versus small-drop spectra. We have seen that for a given rain rate both large-and small-drop spectra can occur in stratiform precipitation (Fig. 3) , so that a convective-stratiform separation algorithm does not make the distinction. Therefore, in the absence of a better alternative, we derived a single Z-R relation, which fits the entire sample of 6-s drop size spectra (Table 3) . It is valid for 3-km altitude, is derived by probability matching and, as compared to exponentially fitted Z-R's, is relatively insensitive to spatial averaging of the PMS measurements. The probability-matched Z-R w relation recalculated using rain rates adjusted for vertical velocity (Atlas et al. 1995) is almost identical to the one calculated assuming that the drops are falling in stagnant air ( Fig. 11 and Table 4 ). Our Z-R relationship for 3 km is very similar to the GATE Z-R for the surface (Hudlow 1979) . Although it is an approximation, a single Z-R relationship should produce less error than techniques that assume that convective and stratiform regions correspond to small-and large-drop spectra. A practical advantage is that a single Z-R is much easier to apply since the radar data do not need to be subdivided into convective and stratiform regions in order to obtain rain rates.
The average conditional stratiform rain rate at 3-km
altitude and 750-m scale is approximately 3.9 mm h Ϫ1 , which is 1-2 mm h Ϫ1 higher than reported GATE stratiform rain rates at the surface (Table 4) . This difference in precipitable water mass with altitude is consistent with the loss of water volume from evaporation observed in tropical precipitation (May and Rajopadhyaya 1996) . The average conditional convective rain rate at 3-km altitude is at least 10 mm h Ϫ1 . This value is a lower bound since the Electra did not attempt to sample the most intense convective cells.
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APPENDIX A
Electra PMS Data Processing
The Particle Measuring System Inc. 2D precipitation monoprobe consists of a 2D array of diodes illuminated by a He-Ne laser. A particle passing through the probe measuring volume will occult diodes in the array. A photodiode is registered as shadowed when its output changes by 50%. The set of shadowed states for the diodes within the 2D array forms a 2D image of each particle. This information is stored by the Electra PMS data system at a rate of 3 ϫ 10 4 images per second (Baumgardner 1989) .
Particle images from the Electra PMS were converted to drop spectra following Black and Hallet (1986) . Black performed quality control and developed the processing methodology for the Electra PMS data in TOGA COARE. Images whose largest dimension was within the diode array were sized by the equivalent circle diameter-the diameter of a circle with the same area as the particle. Images that had their longest dimension on the diode array edge were counted as fractional particles, defined as the area of the image divided by the area of the circle of diameter equal to the length of the longest dimension. Images that occulted both end diodes were rejected. Zero-area events were recorded when a small particle whose size is on the same order as the size of the probe resolution (0.2 mm) tripped the probe into a ready state but passed completely across the probe before the next clock cycle of the imaging array occurred. These blank images created by real particles were treated as particles with a diameter of 0.16 mm. A correction to the area was made to account for the stripping off of the first slice in each image by the particle probe recorder.
APPENDIX B
Convective-Stratiform Separation Algorithm
The convective-stratiform separation algorithm works by classifying regions of local 2D peakedness in the horizontal reflectivity field as convective and the remaining reflectivity echo greater than 15 dBZ as stratiform. This methodology has been verified as consistent with the vertical velocity definition of convective versus stratiform by use of dual-Doppler vertical velocity data (Steiner et al. 1995) . The separation algorithm can be applied within ranges from the radar where the Cartesian gridpoint resolution of 2 km is larger or approximately equal to the horizontal beamwidth of the radar. We applied the algorithm out to the 120-km range, where the 1.1Њ horizontal beamwidth of the LF radar was 2.3 km.
Convective cell region centers are identified when the difference (⌬Z bg ) between the reflectivity of an individual grid point and the local background reflectivity (the average of the radar reflectivity factor of nonzero radar echoes within a radius of 11 km around the grid point) exceeds a convective center criterion (⌬Z cc ; Churchill and Houze 1984; Steiner et al. 1995) . Once the convective centers have been identified, grid points within a certain radius of the convective center are classified as convective. We used the radii from Steiner et al. (1995) , which are a function of background reflectivity. However, we had to modify their convective center criteria slightly to work with NOAA P-3 LF radar reflectivity data interpolated to 2 km ϫ 2 km resolution, as opposed to the ground-based radar data on which the algorithm was originally developed. Thus, the algorithm has to be ''tuned'' for the particular sensor collecting the data. To make the adjustment of the algorithm parameters more intuitive, the convective center criteria were changed to a cosine function of the form 1 Z bg ⌬Z ϭ a cos . This function has the same basic shape as the function used by Steiner et al. (1995) . However, (B1) is continuous and easily adjusted by setting the parameters a and b. When the aircraft was flying below 1-km altitude and intersection of the 4Њ vertical beam with the bright band at close ranges was geometrically infeasible, an additional criterion of a threshold intensity value (Z ti ) was applied. Thus, if the aircraft was below 1-km altitude and if the reflectivity of the pixel was at least Z ti , it was also labeled as a convective center. The algorithm was tuned by setting a, b, and Z ti such that the resulting objective classifications of the LF reflectivity map into convective and stratiform were most consistent with a subjective classification of precipitation type using vertical cross sections of reflectivity and radial velocity from the NOAA P-3 tail radar. The idea of the tuning is to use the bright band and other evidence of uniformity in the horizontal as ''truth'' regarding the presence of stratiform precipitation. If the algorithm calls any precipitation of this type convective, it is deemed to be in error. Values of a and b are sought that will minimize this error. This method of tuning the algorithm to agree with the implied vertical velocity structure of the radar echo pattern is exactly the same procedure followed by Steiner et al. (1995) . Tuning could only be done at ranges less than 40 km from the aircraft since the X-band tail radar attenuated rapidly. At farther ranges, the conditions that can lead to misclassifications are lessened by the widening vertical beamwidth. Best results were found when a ϭ 8, b ϭ 64, and Z ti ϭ 46 dBZ.
Tuning of the convective-stratiform separation algorithm is best accomplished with nearly instantaneous vertical cross sections. Storm evolution and motion will tend to obscure subtle features in the reflectivity field, such as a weak bright band, in data that are averaged over periods greater than 5 min.
The algorithm had some difficulty distinguishing between embedded convection and heavy fallstreaks within stratiform regions. Sometimes these transitional regions were classified as convective and sometimes as stratiform. The transitional regions are typically difficult for objective algorithms to distinguish, and indeed it is often unclear from a subjective classification whether they should fall within the convective or stratiform classes. We tuned the algorithm such that transitional regions would tend to be labeled as stratiform rather than convective. This decision is based on the results of Yuter and Houze (1995b) , in which statistical analysis of simultaneous high-resolution measurements of radar reflectivity and dual-Doppler vertical velocity showed that transitional regions, whose reflectivity pattern does not yet appear fully uniform in vertical cross sections, contain by volume predominately weak vertical air motions that were stratiform in character. Although the verification of algorithm tuning was subjective, the algorithm performance was considered acceptable since it worked reasonably well over a wide variety of conditions observed during TOGA COARE.
